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In the following it is attempted to give a short description of the surface

in conjunction with the methods of surface treatments, which generally can

be applied to niobium cavities.

2. Surface Treatments -

c

Machining of a Surface-2.1 -

For the shaping of metal pieces different techniques are used as will be de-

scribed in detail later during this workshop. 3) Niobium,which is electron

beam molten,is usually either machined on a lathe or by milling or die formed

(hydroformed, spinned) by sheet metal techniques. In all cases defects are

introduced into the metallic surface beside the defects and impurities of the

starting material.

s .. b .. 1 d 1 ( 3 O ) .. h .4) 1nce n1o 1um 1S a rea yat ow temperatures -00 C react1ng W1t a1r

oxygen is dissolved in the niobium matrix forming clusters of suboxids which

enhance the vickers hardness -great care has to be taken to avoid heating of

the niobium part during machining. The choice of the lubricant not only in-

fluences the temperature of the work-piece at the tool, but also the surface

finish. Generally, all lubricants containing trichlor-ethylene result in smooth

surfaces; surface roughnesses of 1-2 ~m are obtained. On a macroscopic scale a

series of hills and valleys are present, on a microscopic scale smaller irregu-

larities are superimposed as indicated in fig. I.

As important as the roughness of the surface is the depth of the damage layer

introduced by the mechanical deformation of the lattice during machining. The

depth of this surface damage layer is depending on the machining condition as

well as on the choice of the tool, influencing e.g. the pressure at the tool,

or the cutting ability.

Penetration depth measurements by Hauser 5) on niobium samples have indicated

that the depth of the surface damage layer for the machining conditions used

in our lab 6) is in the order of 50 ~m. If die-forming, hydro-formingor spinning
techniques are used, one would expect a thinner surface damage layer. I--- --.

on cavities at Cornell University, where sheet metal techniques have been "

for the fabrication of resonators, 7) indicate that after the removal of about 50
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reasonable results are obtained For helix-resonators, which are build Out of

drawn niobium -tubes, the removal of at least 100 ~m was necessary 8) Early

investigations at HEPL indicate a surface damage layer of 250~m. 9)

8

~

Prior to the removal of this surface damage layer a visual inspection of the

surface is connnonly done-Soaking the niobium in water for a longer period of

time indicates, if there are iron-inclusions in the surface, which show up as
rusty spots and can individually be treated. 10)

~

2.2 Chemical Surface Treatment
--

For the removal of this damage layer either electropolishing or chemical poli-

shing is commonly used. Both methods have generally two effects on a surface:

a) "smoothing" by elimination of large scale irregularities,

b) "brightening" by removal of superimposed smaller irregularities.

~

.

Essential for the smoothing-effect during electropolishing is the existence of

a layer of high viscosity consisting out of a saturated solution of reaction

products. The rate of removal of metal ions from the surface is determined by

a diffusion process in the viscous layer,which depends on the concentration

... fh 1 ". 11)
grad~ents, the temperature, the ag~tat~on o t e so ut~on.

At protrusions of the surface, current densities are high establishing high

concentration gradients, faster diffusion of metal ions through the layer and

therefore a preferential dissolution of the peaks. At valleys the current den-

sities are smaller, as are concentration gradients; and therefore diffusion and

dissolution are smaller.
il", " r , !

i

Chemical polishing of niobium is usually associated with a vigorous gas evolution;

in the case of niobium the evolution of the brownish nitrogendioxide takes place;
it has been suggested by several authors 12) that in this case the viscous layer

forms only in the valleys and at the peaks it is swept away by the turbulent flow

of the solution due to the gas evolution. Marked preferential attack then occurs

at the peaks leading to a rapid smoothing.
8

~

"Brightening" occurs only if a thin surface oxide film -only a few monolayers

thick- is covering the metal to be polished. 11) It prevents the direct access
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of the solution to the surface, which would cause preferential dissolution of

metal from sites of high energy resulting in etching (grain-boundaries, dis-

locations). It has been suggested that the film undergoes a continous process

of dissolution by the acid and renewal. In order to maintain the film, the

passage of metal ions across the metal/film interface occurs at the same rate

at all points. Such unifqEm attack of the metal will remove microscopic irregu-

1 .. f h f 13) ar1.t1es rom t ~ sur ace-.

Although there exist several methods of chemical treatment of niobium sur-

II 14 15 16 .17)faces' , , , the methods developed by S1emens company- for electro-

polishing and by ref. 9,18) for chemical polishing are most often used for

microwave cavities. Table I shows the summary of ,the applied surface treat-

ments. Common to all processes is the oxidation of the niobium to niobium -

pentoxide, which is dissolved in excess hydrofluoric acid as oxifluorides.

.. 1 d . h f II .19,20,21) The chem1stry 1nvo ve 1S t e o ow1ng:

+
+ 5804 + lOe

2Nb + sSO~

2Nb + sNO3

2Nb + SOH

+ SH20 -Nb2Os + lOH

-Nb2Os + SNO2

+
-Nb2Os + SH + lOe

~tep 1

electropolishing:

chemical polishing

anodizing:

+1.5H.iONb2Os+ 6HF -H2NbOFs+ NbO2FoO.5H O

soluble not soluble
Step 2

H2NbFs+ 1.5H2O
soluble

NbO2F-O.5H20 + 4HF -
s t e p 3

The electropolished or chemically polished surfaces are contaminated with re-

action products, lower oxides, sulfur and fluorine. 22,23) Proper cleaning is

achieved by rinsing in a diluted hydrogenperoxide solution during ultrasonic

..
dl d .. ( . I .. ) 10,24,25) .ag1tat1on an or ano 1z1ng OX1pO 1sh1ng ; dur1ng these steps the

insoluble reaction-products are converted into soluble forms. In the case of

the oxipolishing process the reactive niobium surface is in addition shifted

towards "cleaner" regions of the bulk material. The amorphous Nb205 can trans-

form into a crystalline modification, which appears as "gray oxide" during

numerous subsequent oxipolishing cycles. As Grundner 22) has found, the for-

mation of this oxide starts at certain nucleation sites as NbO, which quickly

grow to form a Nb205-1ayer. This gray oxide is not soluble in Hf; in most cases

chemical methods are too weak, only mechanical methods are successful. The

probability of the growth of this crystalline oxide is reduced, if the niobium
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heat-treated prior to oxipolishing, which removes the spots of high energy

(nucleation sites) to some extend. The state of the surface -as investigated

by Grundner 22) with XPS -is sho,'ln schematically in fig. 2.

In the niobium matrix, suboxide clusters are inhomogeneously distributed in a

layer of about 10 nm. A °~S nm thick sheath of NbO and Nb20 is sandwiched bet-

ween this layer and a Nh2QS layer, which is contaminated by adsorbates.

2~ He~ Treatment

Some improvements of the surface condition can be gained by a furnace treat-
ment for temperatures above T ~ 1600oC as indicated in table II. 22) First of

h . b ' f . 1 d f . d 1 ..22) . fall t e n~o ~um sur ace ~s c eane rom res~ ua contam~nat~on, ~ proper

.. h ' . 1 bl 29) .
dr~ns~ng tec n~ques are not ava~ a e. But even ~n a very goo vacuum

(p "~ 10-8 torr) there remain 1-2 atomic layers of surface oxides (NbO, Nb20)

on the niobium, which are due to oxygen segregation from the bulk. For in-

creasing residual gas pressures the oxides grow as a function of temperature

and time. Typically a Nb205-layer of 1.5 nm is present on top of the niobium

after cool-down. Below 700oC the formation of suboxide clusters in the niobium .

matrix which are due to dissolution of oxygen from the residual gas, starts.

Therefore fast cooling below 700oC may be advantageous because of less clustering.26)

Generally the oxide layer after a furnace treatment is thinner than after" chemical

treatment. There are indications for less electron loading of heat-treated sur-

faces, if provisions can be taken to avoid adsorption of H20, hydrocarbons during

the handling of the cavities after the furnace treatment (e.g. glove box with inert

gas, fast assembly). The main benefits of a surface treatment rather remain for

the bulk than for the surface:

a)
The niobium is stress annealed and recrystallized C900oC ~ T ~ 1200oC). In-

vestigations 27) at Siemens company have shown that work hardened material

with a high density of dislocations gave only moderate values of critical

magnetic fields CX-band-TM -mode, Hac ~ 35 mT), whereas recrystallization
010 c

at 1200oC improved the fields to Hac ~ 110-150 mT.
c

b) The niobium is Eomogenized (1000 ~ T ~ 1300oC), which seems to be ad-

vantageous for welded cavities. In this temperature range the diffusion

49) f ... 1 ... rates o ~mpur~t~es ~keO,C .., wh~ch have clustered ~n the weld

during the welding process, are high enough to result in a uniform
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distribution. For heavily electropolished surfaces the dissolved hydrogen,

which clusters during cool-down to cryogenic temperatures and induces

stresses in the lattice, is removed during moderate firing (T ~ 800oC).

c) Above 1600oC grains are growing due to secondary recrystallization. AI-

...27) .. If II ..
«1 )though l.nvestl.gatl.ons comparl.ng materl.a o sma gral.n sl.ze mm

and large grains (> lO-mm) indicate no significant effect on the critical
-

magnetic field of a -cavity, smoother surfaces are obtained during electro-

polishing for large gr~in material because of less grain boundary etching.6)

d) The thermal conductivity of the material .is improved to some extend, if the

interstitial impurities are removed and the grains are growing (T ~ 1800oC)

Better thermal conductivity is desirable for the improvement of break-down

f . 1 ...28 )
l.e ds l.n cavl.tl.es.

~

3. Conclusion ~

There remain questions like:

-Is electropolishing to be prefered against chemical polishing?

-Is a high temperature firing (T > l600oC) necessary or can it be avoided?

Let me conclude with a few statements

Apparently the proper surface treatment has to be developed in each

laboratory and for each cavity-type. Also the material purity and

homogeneity is important. Nevertheless a few steps seem to be essential:

I) Trivially the surface ~amage layer has to be removed (50 ~m -250 ~m).

Whether electropolishing or chemical polishing is the better method for

this purpose is not evident. At least it seems to be apparent that ele,~tro-

polishing results in a more uniform removal of material, whereas chemical

polishing tends to cause grain-boundary etching, if large amounts of material

have to be removed.

I
With both methods comparable results have been achieved. In X-band-cavities

peak electric £ield 0£ E ~ 60 to 70 MV/m Corresponding to peak magnetic :--

0£ H ~ 110 mT have beenPobtained at HEPL30) and SLAC31) for chemically pol'

p 32) .3334) .
sur£aces. At CORNELL and at SIEMENS company' peak £~elds of E ~55MV

p

(H ~ 150 mT) and H ~ 110- 150 mT, respectively, have been measured. At HEPL,

p 36) p 6) ,
Wuppertal and KfK both methods 0£ chem~cal surface treatment have been
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ied with comparable results at S-band frequencies.

. h o o f 37) o d o
500 }ffiz ~n t e storage r~ng cav~ty o CERN .accelerat~ng gra ~ents of

~ 4.6 MV/m have been measured after a chemical polishing of the surface.
acc

The DORIS -test cavity at KfK was only tested with electropolished surfaces

and resulted in E ~ 4o4MV/m.38)
acc

are essential to remove surface contaminations.

o
~ treatment at moderate temperatures (T ~ 1300 C) serves three purposes:

a. Qutgassing of dissolved hydrogen.

b. Stress an~~aling , which seems to be essential for heavily cold worked

material and is advantageous before electropolishing in order to avoid

preferential etching. For cavities made out of solid (electron beam melted)
. 1 1 . d d 27,39) h .

h kmater~a apparent y not many stresses are ~n uce , w ~c ma es a

heat treatment unnecessary.

c. ~~geni~ation, which seems in most cases to be essential for welded

..29,32,40-43) h ..36,37) cav1t1es, although t ere ex1st except1ons.

High temperature firing (T > 1600oC) causes grain growth, which does not sig-

of ' 1 0 fl h f f 0 27) 0 0 0
n~ ~cant y ~n uence t e per ormance o a cav~tyo In add~t~on at h~gh tem-

peratures and ultra high vacua the niobium is purified due to outgassing of

d ' 1 d 0 , 0 1 44) 45)
~sso ve ~nterst~t~a s, but there seems to be no effect on performanceo

46)
Nevertheless high temperature firing is necessary to achieve very high Q-values

(e.g. Q > 1010 in the TM010-mode at X-band).

is essential both prior to furnace treatment and to rf-testing.Dust free assembly

the method of ion sputter cleaning has been picked up at CERN as a method for

1 . f . b ...47) b ... c ean1.ng o n1.o 1.um cav1.t1.es. A out 2 years ago 1.nvest1.gat1.ons at CORNELL

48) . h . 1 . h b .
W1.t 1.on sputter c ean1.ng ave een stopped as were tests 1.n our labo-

8 years ago because of discouraging results. Hope~ully the CERN -group can

---,- the feasibility of this method as a further means to improve supercon-

rf-surfaces
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Table I: Chemical methods o.f surface preparation of niobium cavities

-

CONDITIONS iSURFACEEFFECTSOLUTIONMETHOD

Smoothing

Drightening

surface

10- 15 V

25- 35oC

Electro-

polishing

Contaminated

Dy reaction

Droducts

3, F ...

current

oscillations

H2804(97%):HF (40%)

= 85 : 10

by vo1ume-

5 nmroughness

HN03(65%):HF (40%)

= 60 : 40
Chemical-

polishing

Contamination

with reaction

Smoothing

(brightening)

grain boundary

edging

productsby volume

Koom-temp. (RT)

or T<RT for

smaller reac-

l:ion rates

125 11m/min a t

l-o CII

HNO3(65%) ;'HF(40%) :

H3PO~(85%) = 1:1:1

~

a) oxidation of

residual

oxides

Anodizing

(oxipolishing)

Sulfur removed

'fluorine reduced20% NH".oH or

any diluted acid

except HP

Koom-temp.

...100 V

voltage d~fines

thickness

-2.4 nm/V

D) removal of S,F

~) neutralization

of acids

~

Rinsing H202 + dist. H2O

+ ultrasonic

~
I :,

c;
,
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